Two types of barrier to axonal regeneration in the spinal cord were found in experimental spinal cord transection in dogs. One was an astroglial scar formed within the spinal cord, and the other a collagenous scar in the gap between proximal and distal stumps. Autogeneous cultured cerebellar cortical slices transplanted into the space produced by cord transection in adult dogs inhibited collagenous scar formation and converted the gap into a spongy structure. The astroglial scar within the spinal cord remained unchanged. Conversely, transplantation of noncultured cortical slices as a control study enhanced formation of the collagenous scar.
W
HEN an axon within the brain or spinal cord is cut, not only does the part distal to the site of transection degenerate, but of the proximal portion as well. After a few days, this proximal stem starts to regenerate and sprouting is seen in the axon tip. By this time, if the injury has been of any considerable size, scar tissue has invaded the area of transection, making functional regeneration impossible. 2G Regeneration in the central nervous system, and especially in the spinal cord of mammals, has interested a limited number of workers in experimental neurology for more than a century. Historical reviews by several authors are available. ~,8,~4 Many attempts have been made to reduce the heavy scarring in experimental transection of the spinal cord, 1'~3,2~,2s,31,3~ or to bypass the scar. 24,3~
Transplantation of mammalian neurons has been known since the work of Nageotte 22 in 1907. Since that time, many materials and techniques have been used in an attempt to transplant neurons and regenerate nerve fibers by establishing connections between transplanted and host tissues. 5,9,1~,12,15,~s,19,26,2z,29,a2 Although this goal has not been attained, accumulated evidence has made it clear that phylogenetically older (sympathetic ganglia) or ontogenetically younger (embryonic) neurons possess greater vitality and powers of survival. It has been shown that autotransplantation also is more successful than homotransplantation. Vitality depends, of course, upon the extent of the trauma inflicted on the neurons within the transplants. This is especially true when dealing with such tissue as the brain cortex of adult mammals.
Under favorable circumstances, as in a culture chamber, slices of mammalian cortical gray matter have survived, and after several days of cultivation, sprouting finally took place. ~ This piece of cortex could then be detached from the culture base for implantation, if it was so desired. In the present study, slices of cultured cerebellar and cerebral cortex were placed in the interstump gap of newly severed spinal cords in an attempt to facilitate permeation by regeneration axons.
Material
A total of 3 1 dogs was used in this study; they were divided into three groups (Table  1) . In Group 1, 14 dogs underwent complete subpial cordotomy and implantation of cultured cerebellar cortex (10 dogs) or cultured cerebral cortex (4 dogs). In five addi- 
Methods

Cerebellar (or Cerebral) Preparation
Adult female dogs weighing from 15 to 20 lbs were anesthetized with Nembutal. After endotracheal intubation to allow maximal neck flexion without respiratory difficulties, a suboccipital midline incision was extended down to the occipital bone; craniotomy was then carried out, exposing the vermis of the cerebellum. Thereafter, three or four folia of the cortex of the vermis were carefully removed with microdissecting scissors, washed with Hanks' balanced salt solution, and the leptomeninges stripped. Each folium was separated by a parallel cut along the sulcus and placed horizontally in the culture base. In this preparation, each individual folium measured about 1 mm in thickness, with a maximal diameter of 3 mm (Fig. 1 ) .
In another group, cerebral cortex was removed from the left parietooccipital region. Slices 1 mm thick were obtained via a cut perpendicular to the brain's surface.
Organ Culture
A modified adaptation of Glenister's organ culture technique TM was used: 100 ml of 0.6% purified agar (Difco) in Hanks' balanced salt solution was mixed with 20 ml of horse serum, 5 ml chick embryo extract, and 1 ml penicillin (10,000 units) and streptomycin (10,000 ~g). This mixture was then poured into Petri dishes 115 mm in diameter to a depth of 5 mm and allowed to solidify.
A small depression was made in the solid agar base, into which a slice of cortex was placed. A plasma clot was then formed by covering the explant with chick embryo extract and chicken plasma and allowing the preparation to stand for 2 hours until the clot had taken shape around the explant. A thin layer of fluid medium was added, the amount used being just sufficient to cover the FIe. 1. A cerebellar slice removed from an adult dog for organ culture. Each preparation was about 1 mm thick, with a maximal diameter of 3 mm. H&E, x40. explant and its plasma clot (Fig. 2) . This medium was composed of 60 ml of Eagle's minimum essential medium, 1~ 30 ml of horse serum, 5 ml chick embryo extract, and 1 ml penicillin (10,000 units) and streptomycin (10,000 ~g). The explant was then cultured in a carbon dioxide incubator at 37~ with 100% humidity and filtered room air and 2% carbon dioxide for 4 to 12 days before transplantation. The medium was changed twice each week.
It was found early in this investigation that the cerebral cortex from adult dogs was much more difficult to grow in organ culture than the cerebellar folia. Four of the five cultures that failed to grow were of cerebral cortex. The explants became yellowish, opaque, shriveled, and grossly necrotic, and were detached from the agar base. After this observation, cultures were prepared exclusively with cerebellum.
K a o , S h i m i z u , P e r k i n s a n d F r e e m a n Fro. 2. Diagram of technique of organ culture in Petri dish. Explant (2) is placed on solid agar base (1) , and covered with plasma clot (3) and fluid medium (4) .
Subpial Spinal Cord Transection and Implantation
A surgical technique designated as "subpial spinal cord transection" was developed for the purpose of achieving an effective implantation. Laminectomies of T-9 through T-11 were carried out via a dorsal midline incision.
The dura was opened by a longitudinal incision. The right dentate ligament was then identified, sectioned, and gently pulled dorsally and medially, so that the spinal cord might be rotated approximately 45 ~ to the left, thereby exposing the least vascular portion of the arachnoid. Immediately dorsal to the dentate ligament, a longitudinal incision about 4 mm in length was made in the leptomeninges. Since this process did not disrupt larger vessels, the operative field was maintained relatively free of blood.
The dissecting microscope was used to carry out a transverse cord section, initial use being made of either a microdissecting knife or fine scissors followed by sharp spoons, until vessels of the arachnoid were visible on the opposite side and around its entire circumference (Fig. 3) . A gap in the cord of 1 to 2 mm was thus produced, into which was placed two slices of either cerebellar or cerebral cortex, 3 mm in diameter, oriented side by side, and fixed with a plasma clot. The spinal cord was then rotated back to its normal position, and the dura was closed with three or four interrupted No. 6-0 black silk sutures. If the spinal cord became swollen and macerated during manipulation, the damaged portion was removed immediately to assure a gap of at least 1 to 2 ram.
When the spinal cord was again positioned normally, the opening in the leptomeninges was naturally sealed off by the right sidewall of the dura, thus preventing escape of the implant from the spinal cord. One interrupted suture was used in cases wherein the leptomeningeal opening became wider than usual. Muscles and skin were closed layer by layer, after which the skin wound was covered by a thin layer of collodion.
Control studies consisted of: 1) implantation of noncultured cortical slices into the gap produced by subpial spinal cord transection, and 2) subpial spinal cord transection without implantation.
Postoperative Care
All dogs received daily doses of prednisolone (10 rag), B12 (50 p.g), B-complex (1 ml), and penicillin (300,000 units) for 1 week. The dosage was reduced gradually in the second week, and usually no injection was given after the beginning of the third week. The urinary bladder was expressed four times a day for the first week or ten days, until a reflex bladder was established. Efforts were made to manage both urinary infection and decubital ulcers. No physical therapy was attempted. Neurological examination was carried out every 3 days to 2 weeks according to the technique employed by McGrath. 2~ 
Morphologic Study
The dogs were sacrificed at times ranging from 1 day to 5 months. All specimens were fixed in situ by a perfusion technique 17 using 10% formalin. Blocks of about 7 cm, containing cord within the vertebral column, were removed and placed in 10% formalin for 10 days, at which time the spinal cord was removed carefully from the canal.
Transverse sections of spinal cord 1 cm above and below the site of implantation were obtained for further quantitative axonal count (not included in this report). Serial sagittal longitudinal sections were made of the remaining portion, usually measuring 2 to 2.5 cm in length. To evaluate cellular and fibrous changes, stains included hematoxylin and eosin, Nissl's, Masson, phosphotungstic acid hematoxylin, reticulin, and gold sublimate; to demonstrate axons, DeMyer's, 7 Holmes', and Bodian's ~ silver impregnations were used; to justify the presence of myelin, Luxol fast blue, and Mahon stains were used.
FIG. 4.
Four-day-old cerebellar explant. A large part of the granule cell population is lost, which gives the granule layer an appearance of sparse dots. Fibroblastic proliferation was noted along the vascular tree of the molecular layer (arrows). Nissl's stain, • 40.
Results
Organ Cultures of Cerebellum
Days 1-3. During the first 3 days in organ culture, the cerebellar folium was slightly edematous, having lost its sharp-cut edges, and gradually becoming tapered along its circumference. In healthy explants, the color always appeared slightly pinkish and semitransparent. Except for some red blood corpuscles floating in the culture medium, there was still no cellular emigration from the explants at the third day, and the organization of cerebellar structure was still recognizable. However, all of the neuronal elements were undergoing a process of degeneration. Nuclei of Purkinje's cells and granule cells were pyknotic, no Nissl's bodies were demonstrable.
Day 4. Cellular emigration was first evident on the fourth day, and consisted mainly of a two-cell to four-cell layer of fibroblastic cells surrounding the explants. Inside the explants, Purkinje's cells were still pyknotic, and a large number of the granule cells were lost by karyorrhexis, which gave the granular layer an appearance of sparse dots. Fibroblastic proliferation also was noted inside the explants, mainly along the vascular trees of the molecular layer (Fig. 4) .
Days 6-10. In explants 6 to 10 days old, the Purkinje cells could not be identified with the stains used, but other cellular elements were identifiable (Fig. 5) . The cell density in the granular layer was greatly reduced, but granule cells appeared rounded and evenly stained. A group of multipolar cells having some of the characteristic features of neurons was found in the molecular layer immediately adjacent to the granular layer, with numerous processes pointing toward the surface of the folium. They had large nuclei and conspicuous nucleoli, and Nissl's bodies were demonstrated in their cytoplasm. Macrophages were noted surrounding the explant, and fibroblastic proliferation was conspicuous.
Explants at this stage were surrounded by a liquified plasma clot containing fibroblastic and glial cells (Fig. 6) . This was thought to be the most suitable condition for transplantation. A spoon was passed gently into the layer of liquefaction and the explant was removed from the agar base, with care being taken to avoid any possible trauma to the ex- plant. The explant was soft and sticky and showed a great amount of plasticity, which was considered to be of importance for the explant's adjustment inside the gap created in the severed spinal cord.
Fro. 6. Six-day-old cerebellar explant in organ culture in situ. Explants at this stage were surrounded by a liquefied plasma clot (arrows) containing fibroblasts and glial cells. • 20.
Group 1: .4utotransplantation of Cultured Cortical Slices
First Week. As has been described previously, Purkinje cells were pyknotic in the 4-day-old organ culture explant (Fig. 4) and could not be identified in the explants 6 to 10 days old (Fig. 5 right) . The next sequence in the recognition of the Purkinje cells was noted in a 4-day-old transplant, which had been cultured for 11 days prior to transplantation (Dog 339, Fig. 7) . Thus, 15 days had elapsed since removal of the cerebellar section from the same dog. The Purkinje cells were swollen and had pyknotic nuclei which, however, were located centrally.
Few pyramidal cells were identifiable in the cultured cerebral implants. All transplants, whether cerebellar or cerebral, exhibited their original structural patterns, within which few capillaries appeared filled with red corpuscles.
Owing to their great plasticity, the transplants fitted the gap between the severed end of the spinal cord fairly well and thus sealed off most of the space available to invading fibroblasts. At the end of the first week, there was a clearly demarcated border be- 
Collagen scar in spinal cord transection
Left:
The transplant is less compact and spreads over a larger space between the two stumps of the spinal cord. The boundary between the cord and transplant is still identifiable (arrows). DeMyer's stain, • 12. Right: Higher magnification of framed area. Early cystic change in the transplant, and a pyknotic cell on the left are seen. Granule cells aggregated along the cyst wall or in a cordlike structure radiating from the cysts (A). DeMyer's stain, • 540. a loose spongy structure (Fig. 12) which, under high magnification, revealed cystic spaces of the same magnitude as in the 2-week-old transplants (Fig. 9) ; along the cystic wall a few dot-shaped dark-stained cells interwoven with fibroblasts could be identified. Debris of numerous ceils appeared in this spongy structure. However, macrophages (gitter cells) were few, and no fibrous astrocytes were seen. tween transplants and stumps at either end of the severed spinal cord, and at this boundary there was no invasion of fibroblasts and no glial scar (Fig. 11) .
Second Week. By the end of the second week cystic changes involving both molecular and granular layers appeared in the cerebellar transplants (Fig. 8) . The Purkinje cells were still identifiable but were grossly pyknotic. Because of the cystic change, a rearrangement of granule cells had occurred, mainly along the cyst wall or in a cordlike structure radiating between the cysts, thus bringing about great distortion of its structure.
In contrast to findings in the first week, the transplant, on losing its compactness, had spread over a larger space between the two stumps of the spinal cord. The boundary separating spinal cord and transplants, though obscure, was still identifiable. Macrophage activity was at its peak in both spinal cord stumps, and was minimal within the transplants.
Third Week. By the end of the third week, the cerebellar transplants were no longer identifiable. The gap between the stumps of the severed spinal cord was then occupied by Fro. 14. Higher magnification of area in Fig. 13 , showing a clean spongy structure 3t months old. There is no cell debris; cystic space = a, dot-shaped cells = b, collagenreticulin fibers ----c, glial fibers = d, and axons = e. Masson's stain, X400. There is considerable reduction of the astroglial scar, and the spinal cord stump is closely attached to the coilagenous scar; however, the axons could not penetrate it. Masson's stain, X8.
A conspicuous finding was that axons of the spinal cord, before merging with the spongy structure, collected in bundles to traverse an empty space of a few millimeters (probably filled with exudates and leukocytes) (Fig. 12 ). Cajal's gold sublimate stain (Fig. 17) demonstrated that an astroglial scar, never observed within the spongy structure, had formed at the border of the spinal cord stumps at a point where the axons had collected in bundles. This finding was virtually identical in all long-term cases (more than 3 weeks) of transplantation and control subpial spinal cord transection (Figs.  10 top, 13, and 15 ) with one exception. Dog 345 showed considerable collagenous scarring that coincided with a reduction of the astroglial scar (Fig. 16) .
Later Stages. The 2-month-old spongy structure was much more cleanly and clearly demonstrated (Fig. 10) . Although there was still little cell debris, the cystic spaces were as large as those in the 2-week-old transplants, and along the cystic wall dot-shaped cells appeared in a more conspicuous pattern. This was the first stage in which there was evidence of axons inside the spongy structure (Fig. 10 bottom) .
At 3 89 months, the spongy structure was clean and without cell debris (Dog 283, Fig.  14) . Numerous cystic spaces were demonstrated. With Masson's trichrome stain, it was possible to distinguish bluish-stained collagen-reticulin fibers and pinkish-stained glial-axonal fibers (Figs. 10 bottom and 14) . As a rule, axons stained more reddish than glial fibers in Masson's trichrome stain (Fig.  14) . Dog 283 (Fig. 13) showed spinal cord transection close to one of its roots; therefore, a root was shown participating in the formation of the spongy structure. The phenomenon of spinal root contribution to spinal regeneration is well known. -"6 Figure 13 also shows that at least two-thirds of the total width at the transected site was invaded by dense and bluish-stained collagenous fibers and only one-third consisted of the rather loose spongy structure, thus illustrating a sharp contrast between the collagenous scar and the newly created scar that was called "spongy structure." This same illustration shows an island of spongy structure engulfed within the collagenous scar (Fig. 13) , suggesting the possibility of a In Dog 290, which had a 3-month-old spinal cord subpial transection with implantation of cultured cerebral cortex, the transected site was completely invaded by collagenous scar. This scar tissue, however, was different from that obtained in control transection (Fig. 15) in that it consisted of numerous small cysts and strands of glial components longitudinally oriented from one stump to the other. The strand of glial fibers was so small that throughout the section the dot-shaped cell incorporated within it would not be demonstrated. Since this was the only long-term (more than 3 weeks) cerebral transplant, the question of whether or not cerebral transplant would produce spongy structure in its transplantation site remained unanswered.
Group 2: Transplantation of Noncultured Cortical Slices
The results obtained from this group resembled the experimental neuron transplantations of Nageotte 2'-' and Ramon y Cajal. ~'; The transplants were rapidly infiltrated by leukocytes, and phagocytosis took place before the neurons had recovered from the initial trauma. The transplants then became
transformed into a homogeneous mass of cell debris, within which no vitality could be seen; the cystic change and rearrangement of granule cells along the cyst wall were never observed. By the end of the first week, the necrotic transplants were encased by a dense capsular fibrosis, which was often rather formidable by the third week and through which the axons could not penetrate (Fig. 16) . In one dog (Dog 270) which had had noncultured cerebral transplants for 5 months, the longitudinal section of the spinal cord revealed a large cystic cavity at the site of previous transections, with no collagenous scar; no spongy structure was demonstrated.
Group 3: Subpial Cord Transections Without Transplantation
After subpial transection, the spinal cord was maintained in a fairly intact arachnoidal and dural tube, which physically resembled the millipore tubulation of Bassett, et al. 1 Expectation of some functional recovery in this group seemed reasonable. However, before the end of the third week, a dense capsular fibrosis was characteristically formed in the gap, again arresting regeneration of the spinal cord (Fig. 15) .
Discussion
A latent period TM of 6 to 12 days is encountered in cerebellar organ culture preparations, after which an outgrowth of nerve fibers takes place. 6 In our experiments, the difference in vitality between the noncultured cerebellar preparations and those cultured for 6 to 12 days was obvious; the former rapidly became necrotic after transplantation into the spinal cord. In fact, the results of our transplantation of the noncultured cerebellar slices were analogous to the conclusion that Penfield 2a described as "retention of injured cerebral tissue" which resuited in a "contracting cicatrix," an occurrence of much worse consequence than that observed after control cord transection (Fig.  16) .
The cultured cerebellar preparations, although pyknotic, were identifiable for at least 2 weeks within the gap of the severed spinal cord. At this period, the transplants were adherent to the spinal cord with no, or minimal, fibrosis forming between them. The mechanism of this inhibition of fibrosis remains undiscovered.
A fibrous astroglial scar, however, lined the border of the spinal cord stump in the transplantation group as well as in the controis (Fig. 17) . Axons of the spinal cord must penetrate this barrier, and their numbers at this point are greatly diminished. This finding confirms the glial barrier of Windle and associates. 33 Fortunately, some of the axons were able to penetrate this scar, forming bundles to traverse an empty space of about 1 to 2 mm and finally meet with the spongy structure (Figs. 10 top, 12, and 13) .
The spongy structure that replaced the gap in which the transplants were encased appeared at the third week, and continued to change in histological appearance. At the conclusion of these experiments, the spongy structure in a 3 89 transplant consisted of numerous cystic spaces in a background of glial-axonal and collagen-reticulin fibers. On the cyst wall were found glial-axonal fibers together with small, dark-stained, round or dot-shaped cells that were embedded in the glial-axonal fibers and had no relationship to the collagen-reticulin system (Fig. 14) . Their nuclei were small, rounded, and stained dark with Masson's trichrome or silver stains. Morphologically they were similar to microglia. In a study of cerebellar tissue culture Pomerat and Costero 25 found that the granule cells appeared like dots in the culture. Based on this observation, we suggest that the round or dot-shaped ceils found in the spongy structure of our animals might be the surviving granule cells. At the present stage of this study, however, there is still lack of proof.
Although the specific purpose of this paper is to report a technique that reduces the collagenous scar in the transected spinal cord of dogs, our ultimate concern, of course, is the capability of functioning nerve fibers to bridge this gap. We are currently involved in a study of the histological and electrophysiological evidence for the latter. Although the observations so far have been encouraging, we prefer not to emphasize this concept until the data are complete and unequivocally convincing.
